A new fracture-injection/falloff type-curve analysis method is presented for reservoirs containing slightly compressible and compressible fluids. Type-curve analysis augments conventional before-and after-closure methods, which are also reformulated in terms of adjusted pseudopressure and adjusted pseudotime to account for compressible reservoir fluids. Unlike before-and after-closure methods which only apply to specific (i.e., small) portions of the falloff data, the new type-curve method allows for analyzing all falloff data from the end of the injection through fracture closure, pseudolinear flow, and pseudoradial flow. Similar to conventional well test analysis, a satisfactory interpretation requires comparable and consistent results between the special analysis methods, before-and after-closure, and type-curve analysis.
Introduction
Fracture-injection/falloff testing has developed into a standard practice for evaluating reservoir properties prior to hydraulic fracturing. 1 Although fracture-injection designs vary, a typical fracture-injection/falloff sequence requires a low rate, small volume injection of treated water or gas followed by an extended shut-in period when the pressure falloff is recorded. The test objectives include identifying hydraulic fracture closure stress, identifying the leakoff type, quantifying the magnitude of pressure-dependent leakoff, estimating the effective permeability to the mobile reservoir fluid, and determining the average or initial reservoir pressure. [1] [2] A fracture-injection/falloff sequence differs from conventional injection/falloff testing in that the pressure during the injection is sufficient to initiate and propagate a hydraulic fracture, and during the pressure falloff, the dilated fracture will contract and close. Provided the time of injection -and fracture propagation -is short relative to the response of the reservoir and length of the falloff period, the sequence can be analyzed using methods analogous to conventional pressure-transient tests. 3 The purpose of this paper is to introduce a type-curve method for analyzing a fracture-injection/falloff sequence in reservoirs containing slightly-compressible or compressible reservoir fluids. Additionally, to account for reservoir fluid compressibility, before-closure pressure-transient analysis [4] [5] and after-closure impulse solutions 6 are formulated in terms of adjusted pseudopressure and adjusted pseudotime. Using a low-permeability Mesaverde field example, we demonstrate that, similar to conventional well test analysis, a satisfactory interpretation requires that the results from special and typecurve analyses be consistent and comparable.
Before-and After-Closure Analysis Modifications
Mayerhofer and Economides 4 and Mayerhofer et al. 5 developed before-closure pressure-transient analysis while Gu et al. 7 and Abousleiman et al. 8 presented after-closure analysis theories for reservoirs containing slightly compressible fluids. Recently, Soliman et al. 9 redefined the time function used in the after-closure analysis for consistency with the method presented by Soliman 6 for analyzing a pressure buildup test with a short producing time.
Before-and after-closure analysis methods allow only specific portions of the pressure decline during a fractureinjection/falloff sequence to be quantitatively analyzed. Before-closure data, which can extend from a few seconds to several hours, can be analyzed for permeability and fractureface resistance, and after-closure data can be analyzed for reservoir transmissibility and average reservoir pressure provided bilinear, pseudolinear, or pseudoradial flow are observed. 9 Before-and after-closure analysis methods assume the reservoir fluid is slightly compressible, but the solutions can also be derived in terms of pseudopressure and pseudotime, or for convenience, adjusted pseudopressure and adjusted pseudotime, to account for reservoir fluid compressibility.
Adjusted pseudopressure is defined as Appendix A contains the derivation of the before-closure pressure-transient solution in terms of adjusted pseudopressure and adjusted pseudotime, and Table 1 contains the equations required for before-closure pressure-transient analysis formulated in terms of pressure and time and adjusted pseudopressure and adjusted pseudotime.
The solutions of Craig and Blasingame 3 are used to formulate after-closure impulse solutions in terms of adjusted pseudovariables and validate/correct the existing after-closure impulse solutions. 6 As shown in Appendix B, the afterclosure pseudoradial flow impulse solution for a reservoir containing a slightly-compressible fluid is written as 141 (16) where (t e ) LfD is the dimensionless time at the end of the injection and α N is the power-model fracture growth exponent, [10] [11] which varies between α N = ½ (high leakoff) and α N = 1 (low leakoff). 10 The reservoir solution with a constant fracture half-length, p fD (t LfD ), results when t LfD ≥ (t e ) LfD or when the fracture-growth exponent is set equal to zero, α N = 0.
Dimensionless before-closure storage is defined as 
where the dimensionless adjusted after-closure storage coefficient is defined as The adjusted wellbore storage coefficient is defined as Craig, 13 illustrate that a fractureinjection/falloff test can be analyzed as a slug test when the time of injection is short relative to the reservoir response.
Larsen and Bratvold 14 in a study of the effects of a propagating fracture on injection/falloff data also demonstrated that when the filtrate and reservoir fluid properties differ, a single-phase pressure-transient model is appropriate if the depth of filtrate invasion is small. Thus, for fractureinjection/falloff sequence with a fracture created during a short injection period, the pressure falloff data can be analyzed as a slug test using single-phase pressure-transient solutions in the form of variable-storage constant-rate drawdown type curves.
Type-curve analysis of the fracture-injection/falloff sequence requires integrating the pressure difference recorded during the variable-rate falloff period to yield an equivalent "constant-rate" pressure difference. 15 A type-curve match using variable-storage constant-rate type curves 3 can then be used to estimate transmissibility and identify flow periods for specialized analysis using before-and after-closure methods.
Fracture-Injection/Falloff Analysis Method
A fracture-injection/falloff test sequence requires the following steps:
1. Isolate a layer to be tested. 2. Inject liquid or gas at a pressure exceeding fracture initiation and propagation pressure. The injected volume is arbitrary, but the time of injection should require only a few minutes. In low-to moderatepermeability gas reservoirs, the time of injection is approximately 5 minutes. 3. Shut in and record the pressure falloff for several hours.
A qualitative interpretation requires the following steps:
1. Identify hydraulic fracture closure during the pressure falloff using existing methods. (39) 4. Examine the integrated pressure difference and derivative curves to identify the flow periods illustrated in Fig. 1 . The data observed during storage-dominated flow, which is indicated by the unit slope line, correspond to both wellbore and fracture storage. When fracture storage is much greater than wellbore storage and the data fall along a unit slope line, then the fracture is open, and a change in storage indicates hydraulic fracture closure has been observed. However, in many field cases, wellbore storage will be much greater than fracture storage, and the transition from storage-dominated flow may not be a reliable indicator of fracture closure.
Before-closure pressure-transient analysis is applicable to the storage-dominated flow data. When a shut-in period following a fracture-injection only extends to the end of or slightly beyond closure, the equivalent constant-rate pressure difference and derivative data will remain in storagedominated flow during the entire pressure falloff. Consequently, before-closure pressure-transient analysis is the only quantitative interpretation method that can provide estimates of permeability and fracture-face resistance.
Pseudolinear flow can be observed after closure when sufficient fracture half-length is created during the injection and provided the fracture after closure has essentially infinite conductivity. In very low-permeability reservoirs, pseudolinear flow is often observed.
1 Pseudolinear flow is indicated by a ½-slope of the pressure and pressure derivative curves shown in Fig. 1 . Estimating permeability during the pseudolinear flow period requires knowing or estimating the fracture half-length.
Pseudoradial flow can be observed when the shut-in period is sufficient, and pseudoradial flow is indicated by a constant derivative equal to ½ as shown in Fig. 1 . When pseudoradial flow is indicated, after-closure analysis based on the impulse solution will provide an estimate of transmissibility, and with transmissibility known, a type-curve match point will provide an estimate of storage and the created fracture half-length.
A quantitative interpretation requires the following steps:
1. Before-closure pressure transient analysis requires preparing a graph of y n vs. x n for a reservoir containing a slightly compressible fluid or (y ap ) n vs. (x ap ) n for a reservoir containing a compressible fluid. The equations required for creating the specialized graph are contained in Table 1 .
Valkó and Economides 16 describe a method for estimating fracture lost width, w L [in.] and fracture halflength or radius from a graph of observed bottomhole pressure vs. the loss-volume function, g(Δt N ,α N ). 
or for a reservoir containing a compressible reservoir fluid, the transmissibility is calculated as Quantitative type-curve methods require that both the initial reservoir pressure and fracture half-length are known. When pseudolinear or pseudoradial flow periods are observed, the initial reservoir pressure can be definitively determined. Estimates of fracture half-length, however, will have more uncertainty, which can create error in the calculated transmissibility.
Example Application

GM 543-33 Mesaverde Formation
The shut-in period for a fracture-injection/falloff sequence in a low-permeability reservoir is often insufficient to observe pseudoradial flow, and most interpretations must rely on before-closure pressure transient analysis and after-closure pseudolinear flow analysis when it is observed. 1 The GM 543-33 well produces from 20 low-permeability Mesaverde sands. Prior to hydraulic fracturing, an isolatedlayer fracture-injection/falloff sequence was completed in the sandstone layer perforated at 4,954 ft. The fracture-injection consisted of 17.69 bbl of 1% KCl treated water, and the injection rate averaged 3.30 bbl/min during the 5.30-min injection. At the end of the fracture-injection, a bottomhole plug was seated, and the pressure falloff was recorded for 16.10 hr. Table 4 contains the time, pressure, and rate data recorded during the fracture injection, and Table 5 contains the time and pressure recorded during the pressure falloff.
After the falloff period, the plug was removed, and the layer was produced for 168 hr prior to seating the plug and beginning a 15-day pressure buildup. With both a fractureinjection/falloff and drawdown/buildup completed sequentially, a direct comparison of the buildup and falloff interpretations is possible.
The porosity of the Mesaverde formation is 10%, the gas saturation is 50%, and the gross and net thicknesses are 14 ft and 12 ft, respectively, where net thickness is defined as porosity greater than 6%. Gas gravity is 0.63, and the bottomhole temperature is 160°F. Before-closure analysis assumes a Young's modulus of 5,000,000 psi and a Poisson's ratio of 0.20, which results in a plane-strain modulus, E', of 5,208,333.3 psi. The Mesaverde formation is separated from adjacent sandstone reservoirs by impermeable and high-stress shale and mudstone formations.
The entire fracture-injection/falloff sequence is shown in Fig. 2 , which shows a graph of bottomhole pressure and injection rate vs. time. Note that relative to the shut-in period, the fracture-injection is very short and might reasonably be considered as occurring instantaneously. The fractureinjection/falloff data are analyzed as follows.
Hydraulic fracture closure is determined using G-function derivative analysis, 2 which is shown in Fig. 3 . The leakoff type is pressure-dependent leakoff, which is indicated by the characteristic hump in the superposition derivative above a straight line drawn from the origin through the "normal" leakoff data. Fracture closure is observed at G c = 4.42, and the closure stress is 2,790 psi.
Initial reservoir pressure can be estimated from the closure stress and the uniaxial strain relationship. 1 Assuming an overburden stress, σ z = 4,954 psi (1 psi/ft overburden gradient), the initial reservoir pressure estimate is p i = 2,069 psia. The estimated initial reservoir pressure from closure stress should be considered a guide only -the pressure may or may not be accurate depending on additional factors, including tectonic stress.
Before-closure pressure-transient analysis requires an estimate of fracture half-length and lost fracture width, w L , which are estimated from a graph of bottomhole pressure vs. the loss-volume function, g (Δt,α N ) . 16 Assuming the fracture grows under horizontal plane-strain conditions (GDK), the fracture half-length is calculated to be L f = 122.2 ft, and the lost width is calculated to be 0.11 in. Fracture stiffness Microseismic imaging of fracture growth in Piceance basin Mesaverde formation suggests a fracture created during an injection with water is "contained" by the bounding shale and mudstone formations. 17 Consequently, radial fracture growth is not anticipated, but the radial fracture calculations are included for completeness. For a radial fracture geometry, the fracture radius is R f = 63.0 ft, lost width is w L = 0.03 in., and fracture stiffness is (S f ) RAD = 48,697.8 psi/ft.
Before . Calculate and graph (y ap ) n vs. (x ap ) n for each recorded time and pressure before fracture closure, which is shown in Fig. 4 . Under normal leakoff conditions, the data on the specialized graph will fall along a straight line, but non-ideal leakoff, like pressure-dependent leakoff, causes the data to fan across the page.
18 Drawing a line from the origin through the last few data points recorded before closure results in (m M ) GDK = 0.0337. The created fracture height is assumed to extend across the total thickness of the Mesaverde formation, but the net or permeable fracture height is less than the total height. The ratio of permeable to total fracture height is r p = 12/14 = 0.86, and the permeability is estimated to be k = 0.008 md. There is no fracture face resistance since the straight line is drawn from the origin. With radial fracture geometry, the specialized graph results in (b M ) RAD = 0 and (m M ) RAD = 0.03273. The ratio of permeable to total fracture height for a radial fracture is calculated to be 0.121, 16 and the permeability assuming radial fracture geometry is k = 0.032 md.
The permeability obtained by assuming an unconfined radial fracture is four times the permeability obtained by assuming a confined fracture. As noted above, water injections in Mesaverde formations are typically confined, and the lower permeability estimate is more realistic. However, without fracture imaging, the true fracture geometry is unknown and before-closure pressure-transient analysis can only bracket the estimated permeability, that is, 0.008 md ≤ k ≤ 0.032 md.
After-closure analysis requires a log-log graph of the adjusted pseudopressure difference, p aw -p ai , and well testing pressure derivative vs. the reciprocal elapsed adjusted pseudotime, which is shown in Fig. 5 . The elapsed time and corresponding adjusted pseudotime used in after-closure analysis are calculated relative to the time since the beginning of the injection. The pressure derivative curve is not a function of initial reservoir pressure and should be used to identify the flow regime(s). In Fig. 5 a portion of the derivative curve appears to fall along a ½-slope line, which indicates pseudolinear flow. Additionally, the adjusted pseudopressure difference curve is approximately offset by a factor of two and also falls along a ½-slope line, which seems to confirm pseudolinear flow is observed for a portion of the data and suggests that the estimated initial reservoir pressure is correct.
In most cases, the determination of initial reservoir pressure is an iterative process, and the adjusted pseudopressure difference will not follow a ½-slope line with a factor of two offset until the initial reservoir pressure is correct. Note that as the shut-in progresses, the late-time data diverge from the ½-slope line.
Since pseudolinear flow is indicated, a Cartesian graph of adjusted pseudopressure vs. the square root of reciprocal elapsed adjusted pseudotime is prepared, which is shown in Fig. 6 . A straight line is drawn through the data believed to be in pseudolinear flow, and the initial adjusted pseudopressure is b acpl = p ai = 1,300 psia, which corresponds to an initial reservoir pressure of p i = 2,332 psia.
Calculating permeability from the slope of the straight line, m acpl = 376.908 psia·hr ½ , on the pseudolinear flow graph requires knowledge (or an estimate) of the fracture half-length. Assuming a confined height fracture and horizontal planestrain conditions and ignoring the storage term, the fracture half-length from before-closure analysis is L f = 122 ft, and the permeability is calculated to be k = 0.002 md. If a radial fracture is assumed, the calculated permeability is k = 0.007 md. The permeability calculated from before-closure pressuretransient analysis is approximately four times greater than the permeability calculated from after-closure pseudolinear flow analysis when the storage term is ignored. A complete and satisfactory analysis of the data requires that before-closure analysis, after-closure analysis, and type-curve analysis are consistent and provide comparable permeability estimates.
Type-curve analysis requires log-log graphs of I(Δp a ) vs. t a and dI(Δp a )/d(ln t a ) vs. t a . Both curves should overlay the appropriate constant-rate, drawdown type curves for the reservoir/system. Fig. 7 shows a type-curve match obtained with the observed data and a type curve for a well producing in an infinite-slab reservoir through an infinite-conductivity fracture.
Note that the type-curve match indicates minimal storage change during fracture closure, and the before-and afterclosure storage can be considered equivalent, C abcD = C aacD . A match point is as follows: From the type-curve match, C aacD = 0.01, the after-closure storage coefficient is C a + C aac = 0.04509 bbl/psi, and the transmissibility is kh/μ i = 7.17 md·ft/cp, which results in a permeability of k = 0.011 md. The permeability calculated from the type-curve match assuming a confined-height fracture is in general agreement with the results of before-closure pressure transient analysis, but results from before-closure and type-curve analyses are inconsistent with the permeability calculated from the afterclosure pseudolinear flow impulse solution when storage is ignored.
Fig. 7-Fracture-injection/falloff type-curve match.
By including storage, the permeability from the complete pseudolinear-flow impulse-fracture solution is k = 0.019 md, which still differs somewhat from before-closure and typecurve analysis. The annotation in Fig. 7 marks the estimated beginning of pseudolinear flow as interpreted from the afterclosure diagnostic graph, but the type-curve match shows that storage distorts the linear flow data as the transition from storage-dominated to pseudolinear flow occurs. Thus, fully developed linear flow was never established, and some error in the after-closure analysis estimate should be expected.
We note that the storage coefficient calculated assuming a confined-height fracture is about four times greater than the maximum estimated storage coefficient. The tubular configuration resulted in a wellbore volume of 4.65 bbl, and assuming the residual fracture volume is the same as the created fracture volume, that is, assuming the fracture width did not change during closure, the fracture volume for one wing of a symmetrical fracture is 8.845 bbl. Using the gas compressibility in the calculation of storage, the maximum after-closure storage coefficient is estimated to be C a + C aac = 0.0096 bbl/psi, but the type-curve match resulted in an afterclosure storage of C a + C aac = 0.04509 bbl/psi.
The reservoir is believed to contain natural fractures, which is supported by the pressure-dependent leakoff observed during before-closure G-function analysis. Therefore, it is possible the additional storage volume represents natural fractures dilated during the fracture injection.
Immediately following the fracture-injection/falloff, a drawdown/buildup sequence was completed. During the drawdown, the layer was produced at a constant rate of 100 Mscf/D for 141.7 hr, 98 Mscf/D for the next 24.3 hr, 60 Mscf/D for 0.6 hr, and finally 50 Mscf/D for the final 0.1 hr of the drawdown as the plug was seated. After seating the plug, the pressure buildup was recorded for 14.95 days.
A type-curve match for the buildup data is shown in Fig. 8 , and the time and pressure during the buildup are tabulated in Table 6 . The type-curve match results in a permeability of k = 0.012 md with a fracture half-length of 121 ft. Table 7 contains a summary of the results from the fracture-injection/falloff and drawdown/buildup interpretations. The interpretations are non-unique, but the results from the fracture-injection/falloff sequence are consistent and comparable to the results from the drawdown/buildup sequence, which increases the confidence that the interprettations are correct.
Two additional observations are noted. First, the wellbore storage coefficient from the drawdown/buildup interpretation, C = 0.001978 bbl/psi, is comparable to the calculated storage coefficient based on a gas-filled wellbore volume, C a = (4.65 bbl) (0.000431 psi -1 ) = 0.002 bbl/psi. Recall from the fractureinjection/falloff sequence that the storage coefficient from the type-curve match was four times the calculated storage coefficient based on wellbore and injected fluid volume. Consequently, if natural fractures were dilated by the fractureinjection enough to increase the system storage, the natural fractures must have contracted during the drawdown to not affect the wellbore storage during the buildup.
Second, the fracture-injection/falloff data were matched to a type curve for an infinite-conductivity fracture, and the buildup data were matched to a type curve for a finiteconductivity fracture, C f = 17.79 md·ft, which corresponds to a dimensionless fracture conductivity of C fD = 12.5. Thus, a small-volume water injection without proppant in a lowpermeability Mesaverde formation created a fracture of significant length and surprisingly high dimensionless conductivity-which may partly explain the success of "slickwater" fracturing treatments in Mesaverde reservoirs.
Conclusions
The fracture-injection/falloff solutions and analysis methods presented justify the following conclusions.
1. A new fracture-injection/falloff type-curve analysis method is presented for reservoirs containing slightlycompressible and compressible fluids. Unlike specialized before-and after-closure analysis methods, type-curve analysis uses all the falloff data from the end of the injection through fracture closure, pseudolinear flow, and pseudoradial flow to obtain a type-curve match. 2. Like conventional well test analysis which seeks consistency between the results of specialized and typecurve analysis methods, a satisfactory interpretation of a fracture-injection/falloff sequence requires comparable and consistent results between before-closure, afterclosure, and type-curve analysis methods. 3. Before-closure, after-closure, and type-curve methods for analyzing a fracture-injection/falloff sequence are formulated in terms of adjusted pseudopressure and adjusted pseudotime to account for pressure-dependent fluid properties in a reservoir containing a compressible fluid. 4. New fracture-injection/falloff solutions are used to correct the after-closure pseudolinear flow impulse solution previously presented, and validate the pseudoradial and bilinear flow impulse solutions. 
Appendix A-Before-Closure Pressure-Transient Analysis in Terms of Adjusted Pseudovariables
The pressure difference between the created fracture and a point in the reservoir at initial reservoir pressure is written as [4] [5] 16 ( ) 
...(A-1)
Writing the pressure difference across the filter cake, Δp cake , polymer-invaded zone, Δp piz , and filtrate-invaded zone, Δp cake , as a single fracture-face pressure difference, Δp fs , allows the total pressure difference to be written as When the injected fluid is a liquid in a gas reservoir, a moving interface exists between the leakoff liquid and the mobile reservoir gas. Provided the injected volume is relatively small and assuming piston-like displacement, the depth of filtrate invasion is typically less than a few inches beyond the fracture face. When the fracture and the expanding invaded region are small relative to the investigated depth in the reservoir, the filtrate invaded region has negligible influence on the pressure behavior and a single-phase model is appropriate for the transient falloff analysis. With adjusted pseudovariables, flow solutions developed for a reservoir with slightly-compressible fluid can be used directly in a reservoir containing a compressible fluid. 19 Consequently, the dimensionless wellbore adjusted pseudopressure, p awsD , is written as The dimensionless reservoir adjusted pseudopressure is obtained by applying superposition, which is written as The total injected gas rate, q g , is divided between two fracture wings, which is written as A discretized form of the superposition integral is written as where the subscript " n " denotes the timestep and the subscript " j " is a timestep index. With the dimensionless variable definitions, the discretized reservoir pseudopressure difference is written as where p c is the fracture closure stress. The before-closure fracture leakoff rate can also be written for a compressible fluid in terms of adjusted pseudopressure and adjusted pseudotime as ( 1)(24) 5.615
A B c dp q S c B dt 
The discretized reservoir pseudopressure difference can now be written as where the adjusted discretized differential, (d ap ) j , is defined as and the ratio of permeable fracture area to total fracture area is defined as r p = hL f /A f . 16 Valkó and Economides 16 assume that the leakoff rates are constant during the fracture injection, and the assumption is modified such that the first "ne+1" leakoff rates are constant at standard conditions, which is written as where "ne" is the timestep index at the end of the injection. The assumption implies that the pressure in the fracture during the injection is approximately constant, and allows the discretized reservoir pseudopressure difference to be written as:
a ne ap ne a n a n ap ne a n a ne n ap j ap j a n a j j ne p c r S k where R 0 is the fracture-face resistance product defined as the product of gas viscosity at initial reservoir pressure and the reference fracture-face resistance, that is, R 0 = μ i R 0 '.
Specialized Cartesian Graph for Determining Permeability and Fracture-Face Resistance
With the definitions of reservoir and fracture-face adjusted pseudopressure difference, the wellbore adjusted pseudopressure difference can be written as ( ) 
The term (d ap ) ne+1 can be written in an alternative form as where (V L ) ne is the leakoff volume at the end of the injection.
Define "lost" width due to leakoff at the end of the injection as which suggests a graph of (y ap ) n vs. (x ap ) n using the observed fracture-injection/falloff before-closure data will result in a straight line with the slope a function of permeability and the intercept a function of fracture-face resistance. The pressure and time and adjusted pseudopressure and time formulations require that t ne > 0; thus, the time at shut-in cannot be scaled to zero. Time should vary from t = 0 to the end of the injection, t = t n , and to a point during the shut-in period, t = t n . Adjusted pseudotime can be scaled to zero, that is (t a ) ne = 0, in the adjusted pseudopressure and adjusted pseudotime formulation because only differences in t a are used in the equations and (t a ) ne does not appear in a denominator.
Appendix B-After-Closure Analysis Modification
The fracture-injection/falloff solution presented by Craig and Blasingame 3 can be used to derive the after-closure analysis impulse solutions. Consider the case of a dilating existing fracture or a fracture created instantaneously with equivalent before-and after-closure storage. The analytical solution is written as The complete pseudolinear-flow impulse-fracture solution suggests that a graph of bottomhole pressure vs. the square root of reciprocal elapsed time will yield an initial reservoir pressure estimate from the intercept of a line through the pseudolinear flow data. Additionally, if the fracture halflength is known, permeability can be estimated from the slope of the line. The complete pseudolinear-flow impulse-fracture solution also suggests a plot for diagnosing pseudolinear flow is prepared by a log-log graph of the well-testing pressure derivative written as ( ) 
